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Abstract Maternal and fetal characteristics are important
determinants of fetal growth potential, and should ideally
be taken into consideration when evaluating fetal growth
variation. We developed a model for individually cus-
tomised growth charts for estimated fetal weight, which
takes into account physiological maternal and fetal char-
acteristics known at the start of pregnancy. We used fetal
ultrasound data of 8,162 pregnant women participating in
the Generation R Study, a prospective, population-based
cohort study from early pregnancy onwards. A repeated
measurements regression model was constructed, using
backward selection procedures for identifying relevant
maternal and fetal characteristics. The ﬁnal model for
estimating expected fetal weight included gestational age,
fetal sex, parity, ethnicity, maternal age, height and weight.
Using this model, we developed individually customised
growth charts, and their corresponding standard deviations,
for fetal weight from 18 weeks onwards. Of the total of 495
fetuses who were classiﬁed as small size for gestational age
(\10th percentile) when fetal weight was evaluated using
the normal population growth chart, 80 (16%) were in the
normal range when individually customised growth charts
were used. 550 fetuses were classiﬁed as small size for
gestational age using individually customised growth
charts, and 135 of them (25%) were classiﬁed as normal if
the unadjusted reference chart was used. In conclusion, this
is the ﬁrst study using ultrasound measurements in a large
population-based study to ﬁt a model to construct indi-
vidually customised growth charts, taking into account
physiological maternal and fetal characteristics. These
charts might be useful for use in epidemiological studies
and in clinical practice.
Keywords Customised fetal growth curves  Ultrasound 
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Introduction
Early and accurate detection of fetal growth failure is
important for prenatal and early postnatal care [1, 2]. Small
size for gestational age fetuses are at increased risk of
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DOI 10.1007/s10654-011-9629-7perinatal morbidity and mortality. It has also been sug-
gested that fetal growth restriction is associated with car-
diovascular and metabolic disease in later life [3, 4].
In clinical practice, fetal growth is evaluated using
standard population reference tables for fetal biometry
measurements [5]. These standard reference growth charts
neglect the normal variation in fetal growth potential and
size, due to several physiological maternal and fetal char-
acteristics, which can be considered as determinants of
non-pathological fetal growth variation [6–11]. This might
lead to misclassiﬁcation of fetuses with pathological
growth abnormalities. By adjusting the standard growth
charts for physiological characteristics, individually cus-
tomised fetal growth charts can be developed [12]. These
customised fetal charts may give an indication of the fetal
growth potential by estimating the expected fetal size, and
might improve the distinction between physiological and
pathological growth variation [13]. A previous strategy to
develop customised fetal growth charts was based on the
inﬂuence of maternal and fetal physiological characteristics
on birth weight and did not take into consideration that the
inﬂuence of maternal and fetal characteristics on fetal
growth might vary during pregnancy [12].
Therefore, using data from 8,162 pregnant women par-
ticipating in a prospective, population-based cohort study
from early pregnancy onwards, we constructed individually
customised growth charts taking into account non-patho-
logical maternal and fetal characteristics.
Methods
Design
This study was embedded in the Generation R Study, a
population-based prospective cohort study from early
pregnancy onwards in Rotterdam, the Netherlands [14].
The study has been approved by the Medical Ethical
Committee of the Erasmus Medical Center in Rotterdam
(MEC 198.782/2001/31). Written consent was obtained
from all participating women [15]. All pregnant women
were enrolled between 2001 and 2005. Response rate at
birth was 61%. Assessments during pregnancy were plan-
ned in ﬁrst, second and third trimester. The individual
timing of these assessments depended on the gestational
age at enrolment. Fetal growth was measured in second and
third trimester. The median gestational age of the mea-
surement in second trimester was 20.5 weeks (95% range:
18.5, 23.2). Of these second trimester measurements, 29%
were before 20 weeks of gestation, 59% were between 20
and 22 weeks of gestation, and 12% were after 22 weeks of
gestation. The median gestational age of the measurement
in third trimester was 30.3 weeks (95% range: 28.4, 32.9).
Of these third trimester measurements, 32% were before
30 weeks of gestation, 61% were between 30 and 32 weeks
of gestation, and 7% were after 32 weeks of gestation.
In total, 8,880 women were enrolled during pregnancy.
First, we excluded women who were enrolled in the study
after the 24th week of gestation, because of the difﬁculty of
pregnancy dating, and women in which ultrasound obser-
vations were not completely available making calculation
of estimated fetal weight impossible. Second, we excluded
multiple pregnancies, and pregnancies leading to major
fetal anomalies, termination of the pregnancy, and fetal
death. The cohort for analysis comprised 8,162 pregnant
women with 16,018 estimated fetal weight observations.
For the ﬁnal multivariate model, there were 5,473 subjects
with complete data on all maternal and fetal characteristics
(Online Resource 1, Figure S1).
Fetal ultrasound measurements
Ultrasound exams were performed using an Aloka
 Model
SSD-1700 (Tokyo, Japan) or the ATL-Philips
 Model HDI
5000 (Seattle, Washington, USA) equipped with a
5.0 MHz, high frequency curved array transducer. Ultra-
sound examinations were carried out in a research setting at
a regional health facility in each trimester. As establishing
gestational age with fetal ultrasound examinations is the
most accurate method for pregnancy dating [16–18], dating
of the pregnancy was performed using the ﬁrst ultrasound
measurement of crown-rump length (CRL) or biparietal
diameter (BPD), using dating curves derived from this
cohort [5]. Standardised ultrasound planes for head cir-
cumference, abdominal circumference, and femur length
were used [19–21]. Estimated fetal weight was calculated
using the formula of Hadlock with parameters head cir-
cumference (HC), abdominal circumference (AC) and
femur length (FL) in cm: estimated fetal weight =
10 9 (1.326 - 0.00326 9 AC 9 FL ? 0.0107 9 HC ?
0.0438 9 AC ? 0.158 9 FL) [22]. The time period was
restricted to gestational age of 18 weeks (earliest reliable
estimated fetal weight) to 36 weeks. Visits for ultrasonog-
raphy after 36 weeks were excluded as in this cohort they
were probably performed because of suspected pathology.
Physiological maternal and fetal characteristics
Maternal age (age groups: B27 years, 28–32 years,
C33 years), and height were registered at the ﬁrst prenatal
visit. Information about previous pregnancies (gravidity;
parity), pre-pregnancy weight of the mother, and ethnicity
was obtained by questionnaire at enrolment. The response
rate for this questionnaire was 91%. Ethnicity of mothers
was deﬁned according to the classiﬁcation of Statistics
Netherlands [23], using country of birth of her parents.
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123Mothers with Moroccan or Surinamese background were
asked about their ethnic origin and further classiﬁed as
Surinamese-Hindustani, Surinamese-Creole, Moroccan-
Arabic or Moroccan-Berber. The pathological determinant
maternal smoking was also used because it has a sub-
stantial effect on fetal growth and leads to a more accurate
regression model [24, 25]. For the construction of a cus-
tomised growth chart, the term for smoking should be set to
zero, whether the pregnant woman smokes or not. Hereby
non-smoking is used as reference category.
Statistical analyses
First an unadjusted reference curve for estimated fetal
weight was constructed by modelling the relation between
gestational age and estimated fetal weight, using repeated
measurement analysis and fractional polynomials [26]. The
effect of each physiological maternal and fetal character-
istics was estimated separately by adding the main term
and its interaction with gestational age to the model. This
interaction term allows for a change in effect size during
pregnancy. If the interaction term was signiﬁcant
(P\0.05) it was tested whether adding the interaction
with square of gestational age was signiﬁcant. If the
interaction term was not signiﬁcant, it was removed from
the model. Subsequently, we included these characteristics
in the multivariate model using backward selection. To
examine the effects of the physiological maternal and fetal
characteristics on estimated fetal weight, we computed,
from the one-characteristic and multivariate model, esti-
mated differences in estimated fetal weight at gestational
ages of 20 and 30 weeks, and differences in birth weight of
neonates born after a gestation of 36 weeks or more. Sec-
ond, we constructed individually customised fetal growth
charts using the multivariate model, including the indi-
vidual maternal and fetal characteristics. The expected
mean value and standard deviation of estimated fetal
weight at a certain gestational age can be computed using
these models. Third, we used the ﬁrst observation of fetal
weight after 27 weeks of gestation, to compare the classi-
ﬁcation of fetal weights based on population growth chart
and the individually customised fetal growth charts. For all
analyses SAS 8.2 (SAS Institute Inc., Cary, NC, USA) was
used.
Results
Subject characteristics
Table 1 shows the characteristics of mothers and children.
At 20, 28 and 36 weeks of gestation mean fetal weight was
326, 1,201 and 2,568 g, respectively. Mean birth weight
was 3,443 g (Table 2).
Maternal and fetal characteristics and estimated fetal
weight
Figure 1 gives the full multivariate repeated regression
model which enables construction of individually custom-
ised fetal growth charts. All maternal and fetal character-
istics had a signiﬁcant contribution to the model and all
interaction terms with gestational age were signiﬁcant. For
parity and maternal weight, the interaction terms with
gestational age squared were signiﬁcant. The exact formula
and coefﬁcients of the multivariate model are given in
Fig. 1.
Table 3 gives the associations of the maternal and fetal
characteristics with estimated fetal weight derived from the
multivariate model. At a gestational age of 20 weeks, no
signiﬁcant differences were found. At a gestational age of
30 weeks, the difference between male and female esti-
mated fetal weight, was 15 g (95% CI: 10, 22) and between
ﬁrst-borns and others 16 g (95% CI: 9, 29). As compared to
children of Dutch mothers, children of mothers of Cape-
Verdian, Surinamese-Creole and Surinamese-Hindustani
ethnicity had a lower estimated fetal weight at 30 weeks of
gestation. The fetuses of mothers of older age were heavier
Table 1 Subject characteristics (N = 8,162)
Median (90% range)
or percentage
Maternal characteristics
Age (years) 30.3 (20.4; 37.8)
Height (cm) 167 (155; 180)
Pre-pregnancy weight (kg) 64 (50; 91)
Ethnicity (%)
Dutch 59.4%
Other European 5.9%
Dutch Antilles 2.4%
Cape Verdian 3.5%
Moroccan-Arabic 1.9%
Moroccan-Berber 3.7%
Surinamese-Creole 3.2%
Surinamese-Hindustani 3.4%
Turkish 8.0%
Others 8.6%
Primigravida (%) 43.4%
Nullipara (%) 56.6%
Maternal smoking during pregnancy (%) 17.0%
Child characteristics
Male (%) 50.4%
Fetal weight charts 921
123as compared to mothers aged younger than 27 years.
Estimated fetal weight increased with 16 g (95% CI: 11,
21) per 10 cm increase in maternal height and with 21 g
(95% CI: 19, 24) per 10 kg increase in maternal weight.
Birth weight was signiﬁcantly inﬂuenced by fetal sex,
parity, ethnicity, maternal height and maternal weight (all
P-values\0.05), but not by maternal age. Results from the
one characteristic models are given in the Online Resource
1, Table S1.
Customised fetal growth charts
Using the multivariate model, we constructed customised
fetal growth charts for all participants in our study, by
ﬁlling in the individual maternal and fetal characteristics in
the regression equation in Fig. 1, Online Resource 2 Excel
sheet. As illustration, Fig. 2 shows the expected estimated
fetal growth for 3 different children, with different mater-
nal and fetal characteristics. Figure 3 shows that of the
total of 495 fetuses who were classiﬁed as small size for
gestational age (\10th percentile) when fetal weight was
evaluated using the normal population growth chart, 80
(16%) were in the normal range when individually cus-
tomised growth charts were used. 550 fetuses were clas-
siﬁed as small size for gestational age using individually
customised growth charts, and 135 of them (25%) were
classiﬁed as normal if the unadjusted reference was used.
Discussion
We developed a model to construct individually custom-
ised fetal growth charts, taking physiological or non-
pathological maternal and fetal characteristics and their
increasing effect during pregnancy into consideration. With
these customised growth charts, fetal size can be evaluated
taking the normal variation in fetal growth potential into
account.
Table 2 Distribution of estimated fetal weight and birth weight (N = 8,162)
Gestational age (weeks) Mean (g) Standard deviation (g) Coefﬁcient of variation (%) 90% reference interval
Estimated fetal weight
a 20 326 29 9.1 (277; 374)
28 1,201 124 10.3 (998; 1,405)
36 2,568 291 11.3 (2,091; 3,046)
Birth weight
b 40 3,443 447 13.0 (2,710; 4,176)
a The unadjusted reference for estimated fetal weight is described by: mean estimated fetal weight = 13,735 - 5.4340 9 10
7 9 GA
-2 ?
4.2970 9 10
7 9 GA
-2 9 log(GA) - 0.88865 9 10
7 9 GA
-2 9 (log(GA))
2
Standard deviation for estimated fetal weight =- 24.659 ? 0.00677 9 GA
3
b The unadjusted equation for birth weight, between a gestational age of 36–44 weeks, is described by: mean birth weight = 3,443 ?
178 9 (GA - 40)
Estimated fetal weight =17877 – 62328362 * GA-2 + 49529740 * GA-2*ln(GA) – 10323705* GA-2*(ln(GA))2 - 16 * Sexe
+ 150 * Parity + 24 * Age2 – 33 * Age3 -2.58 * Height + 11.27 * Weight + 32* Ethn2+ 68 * Ethn3+ 30 * Ethn4 – 38 * Ethn5
+ 130 * Ethn6+ 46 * Ethn7– 29 * Ethn8+ 7 * Ethn9+  GA* (0.78 * Sexe -12.83 * Parity – 52.45 * Age1 – 53.58 * Age2 –
50.76 * Age3+  0.1395 * Height – 1.0473 * Weight - 1.35 * Ethn2 - 3.48 * Ethn3 - 1.28 * Ethn4 + 2.02 * Ethn5 – 6.60 * 
Ethn6- 2.63 * Ethn7 + 1.57 * Ethn8 – 0.37 * Ethn9) +  GA2* (0.2694 * Parity + 0.02476 * Weight)
GA Gestational age (weeks)
Sexe Female = -1, Male = 1
Parity Nulliparity = -1, other = 1
Agegroup Age1: <= 27 yr = 1, other = 0
Age2: 28 to 32 yr = 1, other = 0
Age3: >= 33 yr = 1, other = 0
Height Maternal height - 167 (cm)
Weight Pre-pregnancy weight - 64 (kg)
Ethnicity Ethn2:  Dutch Antilles = 1, other = 0
Ethn3: Cape Verdian = 1, other = 0
Ethn4: Morrocan-Arabic = 1, other = 0
Ethn5: Morrocan-Berber = 1, other = 0
Ethn6: Surinamese-Creole = 1, other = 0
Ethn7: Surinamese-Hindoestani = 1, other = 0
Ethn8: Turkish = 1, other = 0
Ethn9: Other non-European = 1, other = 0
Comment
For construction of a chart without adjustment for one or more determinants, terms for sexe, parity, maternal height and weight can just be 
neglected, because these are centered around zero. For agegroup and ethnicity a reference category has to be chosen.
Standard deviation of estimated fetal weight = - 23.0315 + 0.006523*GA3
Fig. 1 Formula for estimated
fetal weight for individually
customised growth charts
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123Methodological considerations
One of the strengths of this study was the prospective data
collection from early pregnancy onwards. We had a large
sample size of 8,162 pregnant women and 16,018 esti-
mated fetal weight measurements. In total, 5,473 pregnant
women had complete information about all determinants.
Women with non-complete information tended to be
Table 3 Associations of non-pathological determinants with mean estimated fetal weight and with mean birth weight using multivariate
regression analysis (N = 5,473)
Differences (g) in estimated fetal weight Differences (g) in birth weight
20 weeks of gestation 30 weeks of gestation 40 weeks of gestation
Difference
(g)
95% CI P-value Difference
(g)
95% CI P-value Difference
(g)
95% CI P-value
Gender fetus (male–female) 0 (-7; 7) 0.98 15 (10; 22) \0.0001 112 (90; 134) \0.0001
Parity (para 1 or
more—para 0)
3( -5; 10) 0.46 16 (9; 229) \0.0001 176 (153; 200) \0.0001
Ethnicity
Dutch and other European Reference Reference Reference
Dutch Antilles 5 (-18; 28) 0.69 -9( -30; 13) 0.43 -92 (-170; -14) 0.02
CapeVerdian -2( -20; 17) 0.87 -36 (-54; -19) \0.0001 -117 (-180; -55) 0.0002
Moroccan-Arabic 5 (-23; 32) 0.75 -8( -33; 17) 0.52 -33 (-124; 58) 0.48
Moroccan-Berber 3 (-17; 23) 0.79 23 (5; 41) 0.01 15 (-49; 80) 0.65
Surinamese-Creole -2( -22; 18) 0.84 -68 (-87; -49) \0.0001 -161 (-228; -94) \0.0001
Surinamese-Hindustani -6( -26; 14) 0.54 -33 (-51; -14) 0.0006 -163 (-230; -97) \0.0001
Turkish 2 (-12; 16) 0.75 18 (5; 31) 0.007 30 (-17; 76) 0.21
Other 0 (-14; 13) 0.95 -4( -16; 8) 0.51 38 (-6; 83) 0.09
Maternal age
B27 years Reference Reference Reference
28–32 years -2( -10; 7) 0.67 10 (2; 17) 0.02 1 (-27; 30) 0.93
C33 years -1( -10; 9) 0.89 28 (19; 36) \0.0001 12 (-19; 43) 0.45
Maternal height (10 cm) 2 (-3; 8) 0.45 16 (11; 21) \0.0001 101 (82; 119) \0.0001
Maternal weight (10 kg) 2 (-1; 5) 0.34 21 (19; 24) \0.0001 56 (46; 65) \0.0001
Maternal smoking (yes–no) -1( -10; 8) 0.80 -46 (-54; -37) \0.0001 -164 (-194; -133) \0.0001
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Fig. 2 Three different individually customised growth curves.
(a) Customised growth curve for a child of a Surinamese Hindustanis
nulliparous 30 year old woman, with a maternal height of 1.60 m and
weight of 55 kg (b) Customised growth curve for a child of a Dutch
nulliparous 28 year old woman, with a maternal height of 1.67 m and
weight of 65 kg (c) Customised growth curve for a child of a
Moroccan multiparous 35 year old woman, with a maternal height of
1.75 m and weight of 85 kg
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123slightly younger, had slightly higher body mass index
levels, were more frequently lower educated and were
more frequently of non-European descent. Our study
cohort comprised contemporary urban women, including
about 40% from ethnic minorities in the Netherlands. The
largest ethnic minority groups in this population were those
from Turkish, Moroccan and Surinamese ancestry. The
response rate at baseline for participation in the study was
61%. The percentages of women from ethnic minority
groups and lower socio-economic status were slightly
lower than expected from the population ﬁgures in Rot-
terdam [27]. This might indicate a selection towards a
relatively healthy population and might affect the gener-
alizibility of our results. However, it is unlikely that non
response has led to biased estimates, because biased esti-
mates in large cohort studies mainly arise from loss to
follow-up rather than from non-response at baseline [28].
Pregnancy dating was performed using ultrasound mea-
surements of crown rump length or biparietal diameter at
the ﬁrst visit. This method might be better than dating by
last menstrual period [5, 16–18]. However, this procedure
neglects variation in early fetal growth. This might have
caused an underestimation of the effects of the determi-
nants on fetal weight in early pregnancy. This bias is
expected to be small when pregnancy dating is performed
in early pregnancy. Therefore, we excluded women who
were enrolled and dated later than at a gestational age of
24 weeks. Finally, information on some determinants in
this study was self-reported, which may have resulted in
some underreporting and misclassiﬁcation of certain
adverse lifestyle related determinants. For example,
selective underreporting of prepregnancy weight and
maternal smoking would probably lead to smaller effect
estimates for these variables.
Individually customised fetal weight charts
Many studies, of which several from the same cohort, have
shown that non-pathological maternal and fetal character-
istics might inﬂuence fetal growth [7, 29–32]. Physiologi-
cal, or non-pathological maternal and fetal characteristics
inﬂuence the fetal growth potential. They should therefore
be considered when evaluating fetal growth. To the best of
our knowledge, this is the ﬁrst large population based
cohort study that constructed individually customised fetal
weight charts derived from prospectively collected ultra-
sound measurements. Gardosi et al. developed a model
based on birth weight and assumed that the inﬂuence of
maternal and fetal characteristics was proportional
throughout pregnancy [12]. The maternal and fetal char-
acteristics included in their model were selected on their
inﬂuence on birth weight and included maternal height and
weight, ethnic origin, parity and fetal sex [12]. After cal-
culation of the ‘‘term optimal weight’’ for an individual
child, an individually based fetus-speciﬁc intra-uterine
growth chart for estimated fetal weight can be constructed
using a proportionality equation linking estimated fetal
weight during gestation to birth weight. Thus, another
important assumption for their approach is that this pro-
portionality equation is correct for each fetus. When we
applied the model of Gardosi to our data, we observed
larger effects of the determinants on estimated fetal weight
as compared to our model. The model of Gardosi may
overestimate the effect of maternal height, weight, ethnic
origin, parity and fetal sex as it does not consider their
disproportional effect during pregnancy. Also, part of the
effects of maternal weight and parity during pregnancy on
estimated fetal weight might be explained by maternal age,
which is not included in the model of Gardosi, but was
included in our model. Furthermore, differences in study
populations might partly explain differences in effect
estimates. As our model is based on estimated fetal weight
derived from ultrasound measurements, we consider our
individual customised charts as better applicable for fetal
assessment than charts derived from birth weight data.
Johnsen et al. also developed a model for estimated fetal
weight, including maternal and fetal characteristics [11].
This study used data of 634 women visiting a low-risk
antenatal clinic and used ultrasound measurements to
estimate fetal weight. They included fetal sex, fetal posi-
tion, cephalic index, maternal age, maternal smoking and
Fig. 3 Unadjusted reference and individually customised references.
Relation between SD score obtained by the unadjusted reference (x-
axis) and by individually customised references (y-axis). Reference
lines are drawn at P10 and P90. Standard deviation (SD) scores were
computed by taking the difference between an observed and a predicted
estimated fetal weight, divided by the residual SD corresponding to the
gestational age. The various predictions using both methods lead to
various SD scores and, in consequence, to different classiﬁcations of the
fetus as ‘‘too small’’ (SD score\1.28 = P10) or ‘‘appropriate’’
924 R. Gaillard et al.
123maternal height in their model, and did not include parity
and maternal weight as they had no signiﬁcant effect on
estimated fetal weight. The differences with our model
might be due to differences in the study population, dif-
ferences in sample size and methodological issues. The
model of Johnsen et al. did not include interactions of the
maternal characteristics with gestational age, which is
important, as we and other studies have shown that the
effect of maternal characteristics differs during pregnancy.
Pang et al. developed customised models for biparietal
diameter, head circumference, abdominal circumference
and femur length, separately, but not for estimated fetal
weight [9]. Their study was based on 533 subjects. In line
with our results, they observed signiﬁcant effects of similar
maternal and fetal characteristics on in utero fetal biometry
between 24 and 40 weeks of gestation.
Our results suggest that classiﬁcation of individual
children as born with a small size for gestational age may
be different between normal population charts and indi-
vidually customised charts. Our ﬁndings support the sug-
gested concept of customising fetal growth charts [6, 9,
11]. Use of individually customised fetal growth charts
enable identiﬁcation of pathological smallness instead of
constitutional small size and can prevent unnecessary
classiﬁcation as small size for gestational age. Some pre-
vious studies suggested that there is no additional beneﬁt of
using customised fetal growth charts. A study among 9,526
US women compared perinatal outcomes among small for
gestational age fetuses using ultrasound references and
individualised references of Gardosi and observed similar
risks of adverse outcomes among fetuses classiﬁed by both
references [33]. Another study that examined the value of
customised birth weight percentiles in a simulated cohort,
showed that maternal characteristics added very little
information to the identiﬁcation of intra-uterine growth
retardation [34]. Therefore, further studies are needed to
evaluate the use of individually customised fetal growth
charts, especially focused on prediction on perinatal
outcomes.
Conclusion
We developed a model to construct individually custom-
ised fetal growth charts, taking non—pathological maternal
and fetal characteristics and their increasing effect during
pregnancy into consideration. With these customised
growth charts, fetal size can be evaluated taking the normal
variation in fetal growth potential into account. These
charts might be useful for use in epidemiological studies
and in clinical practice. Further studies are needed to val-
idate our model and to examine whether and to what extend
the use of customised growth charts can improve
identiﬁcation of children that are at risk for morbidity in
the perinatal period and later in life.
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